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Integrative Physiology/Eperimental Medicine

Imaging and Quantitative Analysis of Atherosclerotic
Lesions by CARS-Based Multimodal Nonlinear
Optical Microscopy

Han-Wei Wang, Ingeborg M. Langohr, Michael Sturek, Ji-Xin Cheng

Objective—The purpose of this study was to assess the ability of label-free multimodal nonlinear optical (NLO)
microscopy to characterize, and thus enable quantitative in situ analyses of, different atherosclerotic lesion types,
according to the original scheme suggested by the AHA Committee.

Methods and Results—Iliac arteries were taken from 24 male Ossabaw pigs divided into lean control and metabolic
syndrome groups and were imaged by multimodal NLO microscopy where sum-frequency generation (SFG) and
2-photon excitation fluorescence (TPEF) were integrated on a coherent anti-Stokes Raman scattering (CARS)
microscope platform. Foam cells, lipid deposits, matrices, and fibrous caps were visualized with submicron 3D
resolution. Starting from the adaptive intimal thickening in the initial stage to the fibrous atheroma or mineralization in
the advanced stages, lesions were visualized without labels. Histological staining of each lesion confirmed the lesion
stages. Lipid and collagen contents were quantitatively analyzed based on the CARS and SFG signals. Lipid
accumulation in thickened intima culminated in type IV whereas the highest collagen deposition was found in Type V
lesions. Luminal CARS imaging showed the capability of viewing the location of superficial foam cells that indicate

relatively active locus in a lesion artery.

Conclusions—We have demonstrated the capability of CARS-based multimodal NLO microscopy to interrogate different stages
of lesion development with subcellular detail to permit quantitative analysis of lipid and collagen contents. (Arterioscler

Thromb Vasc Biol. 2009;29:1342-1348.)
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Atherosclerosis, the major cause of cardiovascular dis-
eases, has been a leading contributor to morbidity and
mortality in the United States,' and it has been on the rise
globally.? The statistics that account for the rise in incidence
consequently call for new imaging techniques to advance the
research and diagnosis of atherosclerosis. Current imaging
methods, such as x-ray angiography, MRI, intravascular
ultrasound (IVUS), computed tomography, and optical coher-
ence tomography (OCT) allow exquisite delineation of ad-
vanced lesions.> Notably, MRI can achieve molecular imag-
ing using contrast agents.*> Also, by using spectral analysis
to identify lesion components, IVUS can perform virtual
histology.c-% Nonetheless, these techniques have not yet
reached submicron resolution. As the gold standard, histology
provides high performance in biopsy studies, but it is not
feasible for live tissue imaging. In addition, with technical
advances, fluorescence microscopy with 1- and 2-photon
excitation has been applied to vascular and atherosclerosis
studies>® with the capability of identifying cellular and

molecular compositions in vivo with labeling.'© However,
these techniques are subject to possible compromises to
labeling, such as photobleaching, the requirement for extra
incubation, or limited circulation lifetime, all of which could
be less optimal for arterial studies. Thus, it is intriguing to
explore label-free imaging methods which can also provide
chemical selectivity and submicron resolution.

Nonlinear optical (NLO) microscopy'! has become a pow-
erful tool for imaging biological samples by its unique
advantages of inherent 3D resolution, near-IR excitation for
superior optical penetration,'? and lower photodamage. By
using endogenous sources of NLO signals, label-free NLO
imaging of unstained tissues has been intensively studied, and
several examples of label-free imaging methods have been
reported. Specifically, 2-photon excited fluorescence (TPEF)
microscopy has been applied to tissue imaging with intrinsic
fluorescence.!-'3 Being sensitive to noncentrosymmetric
structures,'* second harmonic generation (SHG), also called
frequency doubling, has been used for imaging membranes'>

Received February 12, 2008; revision accepted May 28, 2009.

From the Weldon School of Biomedical Engineering (H.-W.W., J.-X.C.), the Department of Comparative Pathobiology (I.M.B.), and the Department
of Chemistry (J.-X.C.), Purdue University, West Lafayette, Ind; and the Department of Cellular & Integrative Physiology (M.S.), Indiana University

School of Medicine, Indianapolis.

Correspondence to Ji-Xin Cheng, 206 S Martin Jischke Drive, West Lafayette, IN 47907-2032. E-mail jcheng @purdue.edu

© 2009 American Heart Association, Inc.

Arterioscler Thromb Vasc Biol is available at http://atvb.ahajournals.org

DOI: 10.1161/ATVBAHA.109.189316

Downloaded from atvb.ahajolBd#d s.org by on August 19, 2009


http://atvb.ahajournals.org

Wang et al

and protein fibrils.'*-'° Sum frequency generation (SFG)!*
derives its signal from noncentrosymmetric molecules at the
sum frequency of 2 excitation sources with imaging capabil-
ity similar to that of SHG for biological tissues.'® Third
harmonic generation (THG) has been demonstrated for im-
aging of interface heterogeneities?® and lipid bodies.?!

Most notably, a third-order NLO imaging technique known
as coherent antistokes Raman scattering (CARS) microsco-
py?>?* has been successfully applied to live tissue imaging
with vibrational selectivity.?#25 To achieve such selectivity,
the CARS process involves a pump laser beam at frequency
o, and a Stokes laser beam at frequency w,. By tuning the
beating frequency (w,-w,) to be resonant with the symmetri-
cal CH, vibration, CARS shows high sensitivity and selec-
tivity to lipid droplets?® and lipid membranes.?” This unique
characteristic makes CARS microscopy an attractive tool for
atherosclerosis studies. Before the use of CARS for vascular
studies, other NLO methods have been used to visualize the
arterial wall without labeling, but these were limited to
viewing collagen and elastic fibril structures.'28 Therefore,
beyond the fibrils, cells, such as endothelial cells, smooth
muscle cells, and foam cells, must be detected by TPEF with
the aid of labels.?*3° Le et al first applied CARS to visualize
lipid-laden cells in atheroma but used an additional femto-
second laser for other NLO modalities.?! By integrating SFG
and TPEF on a CARS platform and using the same picosec-
ond laser source, multimodality was obtained with lower cost
and lower photodamage potential.3> Using such a setup, it has
been shown that the CARS signal from cell membranes and
CH,-rich amino acid residues allowed the detection of arterial
cells and extracellular protein fibrils in normal arteries
without labeling.3?

In spite of these advances, it is still unknown whether NLO
microscopy can distinguish different types of plaques. In
view of the increasing incidence of atherosclerosis leading to
cardiovascular disease, it is critical to address this question
for developing an NLO-based endoscopy capable of distin-
guishing different stages of atherosclerotic disease in vivo. In
the current study, we demonstrate that CARS-based multi-
modal NLO imaging could recognize different lesion types
based on the scheme of atherosclerosis classification sug-
gested by the American Heart Association (AHA) and mod-
ified by other authorities.?*-3¢ Furthermore, we show that the
multimodal approach that uses CARS and SFG signals allows
quantitation of collagen and lipid contents in lesions from
early to advanced stages. As described below, we have used
an Ossabaw swine model that closely mimics metabolic
syndrome in humans.?”

Materials and Methods

Tissue Specimen

Iliac arteries in the vicinity of the bifurcation of the caudal aorta were
collected from 24 male Ossabaw pigs (a colony in the Comparative
Medicine Program of the Purdue University and Indiana University
School of Medicine, Ind.) of 2 diet groups (for details see supplemental
materials, available online at http://atvb.ahajournals.org): healthy lean
control pigs (n=11) and metabolic syndrome pigs (n=13). Arteries
were rinsed with saline and preserved by zinc formalin fixation
immediately after harvest. Phosphate buffered saline was used to
wash the samples before imaging. The arteries were sliced horizon-
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tally (=1 mm in thickness) for cross-sectional NLO imaging
(supplemental Figure IA and IB) and were incised longitudinally for
luminal imaging. Serial slices of each artery were collected. NLO
and histology images were acquired at the most affected sector
according to the thickening severity, plaque and core size, or stenosis
condition. The fixation process maintained the integrity of arterial
structures, as validated by NLO imaging of the tissues before and
after fixation.

CARS-Based Multimodal NLO Imaging

Details of our multimodal imaging setup can be found in the
supplemental materials. In brief, 2 synchronized 5-ps lasers (Tsu-
nami, Spectra-Physics) operating at 80 MHz repetition rate were
parallel-polarized, collinearly combined, and directed into a laser
scanning microscope (FV300/IX71, Olympus). Signals were de-
tected by external photomultiplier tubes (PMT, Hamamatsu).

For CARS imaging, the beating frequency was tuned to 2840
cm™~ ! which matches the symmetrical CH, stretch vibration.22:24
Bandpass filters (600/65 nm, Ealing Catalog) were used to transmit
the CARS signal of ~588 nm. The average powers of the master and
slave laser beams at the sample were 40 mW and 20 mW. The same
lasers were used to produce the SFG signal of ~393 nm. Two
bandpass filters (HQ375/50m-2p, Chroma) were used to transmit the
backward SFG signal. For TPEF imaging of nonlabeled samples, 2
bandpass filters (hp520/40m-2p, Chroma) were used to transmit
auto-fluorescence. For TPEF imaging of Doxorubicin-labeled sam-
ples, 2 600/65-nm filters were used. The fluorescence was generated
by only using the master laser (=707 nm) to avoid the CARS signal.

Histology Analysis

Artery sections adjacent to those imaged by NLO imaging were
immersion-fixed in formalin and routinely processed with paraffin
embedding for histological staining.?® A detailed description of
staining can be found in the supplemental materials. Histology
samples were blindly examined by pathologist and coauthor, Dr
Ingeborg Langohr, using a Nikon Eclipse E400 microscope (Nikon
Corp) equipped with air objectives and a Spot Insight Camera
(Diagnostic Instrument).

Analysis of Area Percentage of Lipid and Collagen
Collagen content in the thickened intima of each lesion was
calculated according to the SFG signal. By setting a signal threshold
of 30 in the 8-bit (255) range, area percentage of collagen in intima
was measured. Area percentage of lipid droplet content in the
thickened intima was calculated according to the CARS signal. A
threshold was used so that the CARS signals from cell membrane
and other structures, such as elastin, were not counted (for details see
the supplemental materials). Images for quantitative analysis were
derived with the use of the 20X air objective. The measurement was
conducted at the most-affected sectors within the plaque shoulder of
lesions. The Imagel software was used for the percentage measure-
ment. Data are presented as mean*SD (P<<0.01). One-way ANOVA
was used to identify the significant difference among lesion types.
P<0.05 was considered significant.

Results
NLO images of the cross-sectional view of iliac arteries were
analyzed and classified into different atherosclerotic lesion
types according to the scheme suggested by the AHA
Committee and modified by other authorities3-3¢ (supple-
mental Table I). The NLO images were compared with
histological evaluations. Figures 1 to 5 illustrate multimodal
NLO images of atherosclerosis lesions. Images of normal
arteries (data not shown) and the early lesions, such as type I
and II, were obtained from the 11 lean control pigs. Interme-
diate to advanced lesions, including types III, IV, V, and VII,
were derived from the pigs of the metabolic syndrome group.
Types VI and VIII were not found in the samples collected for
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Figure 1. Representative images of a Type | lesion inspected by
CARS (A), SFG (B), and TPEF (C). D and E, Masson trichrome
staining. F, H&E staining. Rectangular window in D indicates the
relative area of NLO images in A through C. G, Colocalized NLO
image corresponding to the red square in A. Arrows indicate
scattered lipid-laden cells. H, Colocalized image corresponding
to the white square in G. |, Z-stack CARS image. L indicates
lumen; TI, thickened intima; M, tunica media; IE, internal elastic
lamina; gray for CARS; blue for SFG; green for TPEF. The same
color code is used in other figures.

this study. NLO images were representatively demonstrated
around the most severe portion of the eccentric plaques or
partial media-intima thickening lesions.

NLO Identification of Early

Atherosclerotic Lesions

Figures 1 and 2 show the representative results of early
lesions. In Figure 1A through 1C, the stratification of arterial
composition is similar to a normal artery except the observa-
tion of the adaptive intima thickening with scattered lipid-
laden cells viewed by CARS. The adaptive thickening,
ordered collagen fibrous tissues, and elastic lamella, which
were imaged by CARS, SFG, and TPEF, respectively, eluci-
dated the status of the artery as a Type I lesion. In compar-
ison, the histology observations also showed the intimal
thickening (Figure 1D through 1F) referring to the location of
the internal elastic lamina (Figure 1F), which is also in
keeping with the observation in Figure 1C and 1G. In
addition, the histology images of collagen staining in Figure
1D and 1E highly support the SFG signal shown in Figure 1B
and 1H. The scattered foam cells specifically identified by
CARS?3! (Figure 1G through 11, arrows) further confirm the
adaptive thickening milieu.33-3¢

September 2009

Figure 2. Representative images of a Type Il lesion inspected
by CARS (A), SFG (B), and TPEF (C). D and E, H&E staining.
Wide arrow indicates the relative location in A through C. F,
Masson trichrome staining. G and H, Colocalized NLO images
from the red square in A. CARS reveals aggregated lipid-laden
cells (arrows) with elongated shape (possibly smooth muscle
cells) in the thickened intima. |, Colocalized image relating to the
white square in H.

Figure 2A through 2C shows the NLO images of the
cross-section of a typical Type II lesion. The CARS image
(Figure 2A) shows a fatty streak lesion characterized by the
accumulation of closely spaced foam cells around the luminal
area. This observation compares favorably to the histology
images in Figure 2D through 2F, which also show the
thickening milieu. The bubbly and granular scenario in the
thickened part, which implies lipid accumulation, agrees with
the same lesion viewed in NLO imaging. Moreover, the
Masson trichrome staining in Figure 2F agrees with the
collagen distribution in Figure 2B and 2G. Figure 2G shows
a smaller collagen deposit in the intima in the proximity of
lumen. These conditions match the observation stipulating
that collagen secretion is mainly attributed to modified
smooth muscle cells.?* Along with the foam cell accumula-
tion (Figure 2G through 2I), the adaptive thickening is
suggested to associate with pathological thickening and
future lesions.*® When CARS imaging of lipids is combined
with TPEF imaging of internal elastic lamina, the results
show that the foam cells resided inside the intima layer
(Figure 2H). The TPEF signal around foam cells and arterial
cells is likely attributed to the auto-fluorescence of oxidized-
LDL* and NAD(P)H species.*> Because the TPEF signal from
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Figure 3. Representative images of a Type Il lesion inspected
by CARS (A), SFG (B), and TPEF (C). LP indicates lipid pools. D,
Subgross image of H&E staining. Wide arrow indicates the rela-
tive location in A through C. E and F, Zoomed-in H&E around
the pathological intima-media interface. G, Colocalized NLO
image from the red square in A shows a cell-dominated distri-
bution with no signal of collagen. H and |, Colocalized NLO
images from the yellow square in A.

foam cells only minimally contributes to the CARS channel,?'
the strong CARS signal from the foam cells specifically shows
the distribution of granulated lipid (Figure 2I).

NLO Identification of Intermediate to Advanced
Atherosclerotic Lesions

The intermediate lesion of atherosclerosis, which is defined
as Type III, contains scattered lipid pools (Figure 3A) in a
relatively thicker intima (Figure 3A through 3C). Images of
histological morphology (Figure 3D through 3F) are in
agreement with this scenario. The accumulation of interstitial
lipid droplets, which can be viewed in CARS imaging (Figure
3A, 3H, and 3I), has not yet formed a confluent and
well-defined lipid core within the thickened intima (as com-
pared to Type IV and V). The disordered collagen fibrils
around the lipid pools were detected (Figure 3B and 3H). The
randomly distributed lipid droplets underscored the observa-
tion of a Type III lesion.

Compared with a Type III lesion, a Type IV lesion, as
shown in Figure 4, consists of a well-defined lipid core which
renders a strong CARS signal (intense, bright) starting from
the shoulder region of the plaque (Figure 4A). Intimal

Atherosclerosis Identified by NLO Microscopy 1345

Figure 4. Representative images of a Type IV lesion inspected
by CARS (A), SFG (B), and TPEF (C). The lipid core (LC) was
identified by CARS. D and E, Masson trichrome staining. Black
rectangle indicates the corresponding area in A through C. F,
H&E staining. G and H, Colocalized NLO images corresponding
to the red and yellow squares in A, respectively. I, Doxorubicin-
labeled (red) image, around lipid core, colocalized with CARS
and SFG signals.

disorganization is obvious in the images (Figure 4A through
4C). The lesion episodes and fibril distributions viewed in the
NLO images are confirmed by Masson trichrome (Figure 4D
and 4E) and H&E staining (Figure 4F). Furthermore, the
predominant cellular milieu with abundant foam cells can be
viewed at the shoulder (Figure 4A and 4G) and around the
luminal regions of the atherosclerotic plaque (Figure 4A and
4H). The foam cells appeared much more circular and
densely packed with lipid at this stage (arrows). Doxorubicin
labeling (Figure 41), which is specific to nuclei, highlights the
extracellular lipid accumulation within the lipid core viewed
by CARS.

Figure 5 shows a typical type V (or Va) lesion. The dense
core of lipid and necrotic debris accumulation viewed by
CARS (Figure 5A) and the surrounding collagen fibrous cap
imaged by SFG (Figure 5B), together with stronger auto-fluo-
rescence viewed by TPEF in the core area (Figure 5C),
illustrate a Type V lesion.?>3¢ The NLO imaging result is
consistent with histology analyses of serial sections shown in
Figure 5D through SF. The surrounded collagen cap identi-
fied by the Masson trichrome staining (Figure 5D and SE)
and the light-microscope features of lipid gruel,**> which give
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Figure 5. Representative images of a Type V lesion inspected
by CARS (A), SFG (B), and TPEF (C). FC indicates collagen
fibrous cap around the lipid core (LC). D, Masson trichrome
stained image. Black rectangle: the correlative area in A through
C. E and F, Zoomed-in images of Masson trichrome and H&E
staining around the lipid core. Colocalized NLO image in G and
doxorubicin-labeled (red) image colocalized with SFG signal in H
elucidate the relationship between elongated cells (arrows) and
collagenous matrix. |, Colocalized NLO image from the yellow
square in A.

the bubbly, granular, and anucleate necrotic debris (Figure SE
and 5F), highly support the NLO imaging results. The
location of internal elastic lamina (Figure 5A and 5C) and cell
organizations (Figure 5G and 5H) viewed in NLO images are
in keeping with the histology observation. The lipid gruel
inside the lipid core viewed by CARS (Figure 5I) suggests
that the relatively higher TPEF signal in the core area (Figure
5C) probably arose from oxidized-LDL.

In a calcific atheroma classified as Type VII (or Vb),33:3¢
the intima-media interface is dominated by mineralization,

September 2009

where no significant NLO signals were obtained (supplemen-
tal Figure II). A complex lesion milieu can be observed.
Staining by the von Kossa method confirmed the calcification
lesion.

Quantitative Analysis of Lipid and Collagen
Contents in Different Lesion Types

It is established that CARS microscopy permits label-free
quantitation of lipid droplets in cells and tissues.2** To
validate the SFG signal, we performed a correlation study of
collagen content measured by SFG and that by Masson
trichrome staining and obtained a correlation coefficient of
~(.75 (supplemental Figure III). Based on the CARS and
SFG intensities, we have calculated the lipid and collagen
contents in thickened intima of different lesions (see Materi-
als and Methods). The quantitative results are summarized in
the Table. As expected,* the area percentage of lipid depo-
sition was lower in early-stage lesions than in advanced
lesions. The Type IV lesion demonstrated the highest per-
centage of lipid accumulation (>45% of intima). The lower
lipid deposition found in Types V and VII implies the
likelihood of retrogression of lipid accumulation and the
development of fibrous deposition and mineralization. With
respect to collagen content, the type V lesion showed a higher
area percentage of collagen (>40% of intima) than earlier
stages. Notably, the type IV lesion with a necrotic core and a
low degree of fibrosis formation3335 showed a lower
collagen-to-lipid ratio than early lesions.

Discussion
We have shown that CARS-based multimodal NLO micros-
copy is capable of viewing the various pathological compo-
nents of atherosclerotic lesions and, as such, can act as an in
situ histological tool that is free from the labeling requirement
of conventional methods. Moreover, based on the CARS and
SFG signal intensities, we were able to carry out a quantita-
tive analysis of collagen and lipid deposition in intima of
different lesions. Thus, NLO microscopy gives us both a
morphological, as well as quantitative, tool by which to
characterize lesions and the percentage contents of lipid and
collagen, respectively. The importance of this capability
arises from the fact that lipid and collagen contents dominate
the formation of soft and hard tissues that affect the mechan-
ical properties of atherosclerotic arteries.*>47 In this context,
our results show the potential of NLO microscopy in provid-

Table. Lipid and Collagen Percentage Within Thickened/Pathological Intima

Lesion Type n Lipid % Collagen % Collagen/Lipid Ratio
Type | Initial lesion 3 2.08+1.21 14.20+9.41 6.78+4.39
Type Il Fatty streak 3 9.60+3.39 20.44+5.19 2.35+0.98
Type 1l Intermediate lesion 2 27.78+7.50 28.50+7.56 0.98+0.10
Type IV Atheroma 4 48.69+6.79 35.84+2.98 0.74+0.08
Type V Fibrous atheroma 2 27.20+4.28 44.00+0.70 1.64+0.23
Type VI Calcific atheroma 1 9.48 31.94 3.37

Data are mean=SD (P<<0.01). n indicates number of lesions.
Significant differences were observed in lipid percentage between type IV and other types (P<<0.05).
Significant differences were observed in collagen percentage between type V and others (P<<0.05).
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ing microenvironmental information for mechanical model-
ing of atherosclerosis.

In this study, we manually stitched images at the most
severe location of each lesion because of the limited field of
view of NLO microscopy. Imaging the whole cross-section
will be very helpful to identify lesions and for quantitative
studies. This technical challenge can be overcome by com-
bining laser-scanning with sample scanning on a stepping
motor stage.*®-59 Photodamage effects in a femtosecond NLO
system>! were not observed in our CARS-based NLO system.
Instead of femtosecond pulse excitation, we used 2 5-ps lasers
at 707 nm and 884 nm with 40 mW and 20 mW at sample,
respectively. At constant damaging potential, it was demon-
strated that signals may even be larger with ps pulses because
the exponent of the power law of damage is higher than that
of the signal.>?

Lilledahl and colleagues recently demonstrated that SHG
and TPEF imaging of fibrous caps can be used for identifying
vulnerable plaques.>! The vulnerability and tendency to
rupture, however, depend not only on the fibrous cap thick-
ness, but also on its superimposition with other complex
factors, such as accumulation of lipid and macrophage foam
cells, infiltration of inflammatory cells, and secretion of
collagen degradation factors.>3>* By adding the capability of
viewing foam cells and lipid deposition, CARS-based multi-
modal NLO imaging provides a significant improvement for
mapping the superficial area of a plaque and assessing its
vulnerability to rupture and exposure of the lipid core.
Luminal scanning of subendothelial scenario (supplemental
Figure IV) could potentially be used for assessing instability
or vulnerability. In this work, however, such imaging was
restricted by the penetration depth of around 60 wm. None-
theless, with adaptive optics,>> microprobe objective,>® or
longer excitation wavelength,?> the imaging depth could be
remarkably increased to hundreds of microns. Because the
empirical definition of plaque cap was 60 to 65 wm in
unstable lesion*3#357 and about 25 to 35 um in disrupted
coronary arteries,*>*>58 the improved penetration depth is
expected to meet the need for vulnerability studies.

Toward the goal of intravital NLO biopsy, multiphoton
fluorescence endoscopy has been reported.>¢0 It is also
notable that SHG contrast-enhanced OCT is emerging for in
situ cross-sectional imaging.®'-%* More recently, the prelim-
inary concept of CARS endoscopy has been proposed.®* An
advantage of CARS and SHG imaging is that tissues are not
required to undergo slicing, paraffin embedding, or freeze-
thaw processes, thus maintaining the potential of intravital
imaging. With the capability of quantifying lipid body and
collagen fibril contents as shown in the present study, it is
foreseeable that a multimodal NLO intravascular catheter
with miniaturized probing devices could facilitate and benefit
in vivo studies and diagnosis in the years to come.
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